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Supplemental Figure S1. Mechanisms of flexibility in the coupled-clock models vs. M-clock
models. Dynamics of Incx was simulated using the top ten model sets for each of three model
types (indicated at the panels’ top) in Basal State and in the presence of f-AR stimulation (ISO).
In ISO tests the diastolic Incx phase increased in amplitude and occurs earlier in the model sets
with Ca*"clock. The diastolic Incx phase is lacking in pure M-clock sets in Basal State and in
ISO test. Parameters of the model sets are given in Table S3. Simulated Incx traces were
synchronized at their most negative values and overlapped. Incx traces of representative sets
used in our mechanistic analyses are shown in red.
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Supplemental Figure S2. A: While I; serves as an anti-bradycardic mechanism, it limits system
flexibility, indicating a fundamental limitation of flexibility of M-clock based pacemaking.
Results of simulations using a representative set of a solely M-clock-based pacemaker model
type “IeaHkH it Inex” (i.€. a 4-component model, lacking Ca2+-clock). When If conductance (gi¢
on x-axis) is increased beyond the experimentally measured range, both the minimum rate (ACh,
blue bars) and the maximum rate (ISO, yellow bars) increase concurrently, so that the relative
rate flexibility is compromised. The double head arrow shows the range of If conductance (gir)
that simulates the respective range of If densities measured experimentally [1] (see main text
Figure 1C). Specific parameters (other than gy for this model set are given in Table S3
(highlighted in the section Icap Hg A+ Inex)
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Supplemental Figure S3. Comparison of Incx dynamics in different pacemaker cell models.
Only models that feature Ca>" clock, e.g. Maltsev-Lakatta model (2009) and
"ICaL+IKr+INCX+Ca2+clock+If" model, exhibit substantial increase in diastolic Incx. Also, our new
flexible models, such as "IcaL+IKr+INCX+Ca2+clock+If", lacking Ipn, and I, feature a unique
phase of the reverse mode NCX, illustrated in gray. All simulations of Vy, and Incx (except
“Maltsev-Lakatta 2009 and “Reduced flexible model”) are modified panels of 2007 Wilders
review [2].
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Supplemental Figure S4. The 5-parameter model type “Iear i+ Inex+Ca’ clock+1¢” remains
flexible after its adjustment for outward current produced Na'/K" ATPase (Inak). Shown are the
results of sensitivity analysis of this model with two settings (A) without In.k, and (B) with Inax
of fixed maximum density (INak max=0.9 pA/pF). The results of the parametric analysis are given
in main text Table 1 (models #8 and 8b). Inset shows an example of AP simulations for a
physiologically flexible set with adjusted Ixna within blue circle (set#4 of the top 10, Table S3).
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The top ten sets of the model type
lcaL i nex+CaZtclock+l: adjusted for Iy«

Basal state
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Supplemental Figure S5. Robust and flexible model "ICaL+IKr+INCX+Ca2+clock+lf" adjusted for
outward current produced by Na"/K" ATPase (Inqx) exhibits the same mechanism of rate
increase in the presence of B-AR stimulation (ISO) via an earlier and larger diastolic Incx.
Shown are simulations of Incx dynamic for the top ten model sets of this model type that
included Inak (see Table S3 for model set parameters) in the Basal state and in ISO test.
Simulated Incx traces were synchronized at their most negative values and overlapped.
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SUPPLEMENTAL TABLES

Supplement Table S1. Model variables: description and initial values. All initial values were
taken from our prior studies [3,4].

# Variable Description Initial
value
Ca’* cycling
Vi Ca; [Ca”"] in myoplasm, mM 0.0001
V2 Cagup [Ca2+] in submembrane space, mM 0.000223
V3 Caise | [Ca”™] in the junctional SR (jSR), mM 0.029
V4 Canse | [Ca’'] in the network SR (nSR), mM 1.35
Vs frc Fractional occupancy of the troponin-Ca”" 0.02
site by Ca®" in myoplasm
V6 frmc Fractional occupancy of the troponin-Mg”" 0.22
site by Ca’ in myoplasm
V7 frvm Fractional occupancy of the troponin-Mg”" 0.69
site by Mg”” in myoplasm
Vs Jomi Fractional occupancy of calmodulin by Ca™" 0.042
in myoplasm
Yo Joms Fractional occupancy of calmodulin by Ca™" 0.089
in submembrane space
Vio fco Fractional occupancy of calsequestrin by Ca”" 0.032
in junctional SR
Vi R RyR reactivated (closed) state 0.7499955
Vi2 0 RyR open state 3.4-10°
Vi3 / RyR inactivated state 1.1:10°
Vig RI RyR RI state 0.25
Electrophysiology
Vis Vi Membrane potential, mV -65
Vis 719 Ica1 activation 0
Viz fu Ica voltage-dependent inactivation 1
Vi fca Icar Ca”" dependent inactivation 1
Vi9 DaF I, fast activation 0
V20 Pas Ix: slow activation 0
Vi pi Ik, Inactivation 1
V22 y Iy activation 1
V23 a Ik acn activation 1
V24 dT 1 CaT activation 0
V25 fr Ic,T Inactivation 1
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Supplement Table S2. Specific parameter variations in sensitivity analysis to create model sets
and specific changes of the model parameters to test autonomic modulation in each model set.

Parameter name (and
its variable)

Parameter value
in the original
ML model [3]

Gradations of the
parameter to create model
sets

Change of the basal value
(100%) of a set via
autonomic modulation,
ChR to B-AR stimulation

Maximal /¢, gCal basal = 0.116 to 1.16 nS/pF -16.3% to +75%
conductance (gcar) 0.58 nS/pF (in 10 gradations) [5-7]
If voltage activation V. 1t basal = -64 mV -5.8 mV to +7.8 mV
(Vi) -64 mV (not varied) [6,8,9]
Maximal I¢ gir=0.15 nS/pF 0.03 to 0.3 nS/pF Unchanged
conductance (gjy) (in 10 gradations)
Maximal Ik, 2K basal = 0.016228 to 0.16228 nS/pF 0% to +50%
conductance (g) 0.08114 nS/pF (in 10 gradations) [10]
Maximal Ixcx (Knex) knex = 37.5 to 375 pA/pF Unchanged
187.5 pA/pF (in 10 gradations)
Maximul SR Ca”* Pupbasal = 2 to 24 mM/s -36.7% to +100%
pumping rate (Pyp) 12 mM/s (in 10 gradations) (4]

Maximal Ixacn Zrach=0.142418 0.028483636 to Ixach=0 for basal state and
conductance 18 nS/pF 0.28483636 nS/pF B-AR stimulation;
(gkAch) [4] (in 10 gradations) Ixach=a-gkach (Vi - Ex)
for ChR stimulation
Maximal Ic,t gcar = 0.1832 0.03664 to 0.3664 nS/pF Unchanged
conductance (gcar) nS/pF (in 10 gradations)
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Supplemental Table S3. The top 10 sets. Specific parameters and key characteristics of APs summarized for the top 10 model sets for each of 4 model types that
were used in our mechanistic analyses. These sets were the top ten with respect to their relative flexibility [column “rel.flex%” = 100%* (IsoBPM- AchBPM)/
AchBPM]) and had a minimum rate of 50 to 70 bpm (column AchBPM) and AP amplitudes (columns with “Ampl”’) of more than 80 mV. The AP firing rates
(BPM) are given in bpm; AP amplitudes (Amp) in mV; Maximum Diastolic Potential (MDP) in mV; Maximum SR Ca*" pumping rate (Pup) in mM/s; ion current
conductances gCaL,glf, gKr in nS/pF; NCX current coefficient (kNCX) in pA/pF. “Ach” indicates results of ACh test, “Iso” for ISO test, “bas” for Basal state test.
Highlighted are the model sets that were used as representative examples in illustrations in our mechanistic analyses.

The top ten sets for model “Ic,p kA Inext1f”

# AchBPM basBPM IsoBPM Pup gCalL dif gKr KNCX basAmpl basMDP AchAmpl AchMDP IsoAmpl IsoMDP rel.flex%
1 56.028 97.017 119.88 0 0.812 0.09 0.0811 1125 105.35 -72.1 102.7 -72.86 1143  -75.83 113.96
2 63.789  108.09 131.9 0 0.928 0.12 0.0974 225 105.78 -72.5 103.4 -73.25 114.3 -76 106.78
3 54.805 91.743 113.27 0 1.16 0.06 0.1136 225 110.7 -74.8 109.1 -75.44 117.7  -77.78 106.68
4 56.117 92.116 113.82 0 1.16 0.06 0.1136 262.5 110.18 -74.5 108.6 -75.15 1173  -77.55 102.83
5 57.372  91.519 116.3 0 0.696 0.06 0.0649 375 94.836 -65.6 92.27 -66.35 106.7 -70.88 102.71
6 57.507 91.324 115.98 0 0.696 0.06 0.0649 337.5 95.258 -65.9 92.71 -66.6 107  -71.06 101.68
7 56.891 92407 114.25 0 1.16 0.06 0.1136 300 109.74 -74.2 108.1 -74.91 117 -77.35 100.82
8 57.665 91.095 115.57 0 0.696 0.06 0.0649 300 95.757 -66.2 93.24 -66.91 107.4  -71.28 100.42
9 65.524  102.88 131 0 0464 0.12 0.0487 1875 85.352 -61.5 80.9 -62.27 99.64 -67.44  99.927

10 57.405 92.635 114.59 0 116 0.06 0.1136 337.5 109.38 -74 107.8 -74.7 116.8 -77.19 99.617

The top ten sets for model “IcaL+IKr+INCX+Ca2+clock”

# AchBPM basBPM IsoBPM Pup gCaL gIf gKr KNCX basAmpl basMDP AchAmpl AchMDP IsoAmpl IsoMDP rel.flex%

1 53.691 102.46 184.93 9.6 1.044 0 0.0811 2625 111.42 -74.9 109.1 -74.61 118.5  -78.47 244.43
2 52,551 98,636 179.72 9.6 1.044 0 0.0811 1875 111.52 -75.5 109.7 -75.27 118.2  -78.66 241.99
3 54.348 103.96 183.68 9.6 1.044 0 0.0811 3375 111.52 -74.6 108.8 -74.19 119.1  -78.46 237.97
4 67.416 132.16 226.97 16.8 1.16 0 0.1136 187.5 116.07 -79.7 114.5 -79.59 120.6 -81.08 236.67
5 59.901 111.79 200.84 12 1.16 0 0.0974 1875 114.39 -77.7 112.8 -77.52 119.8  -79.95 235.29
6 61.747 115.56  206.58 12 1.16 0 0.0974 225 114.37 -77.4 112.6 -77.2 1199 -79.81 234.56
7 62.969 117.5 207.36 12 1.16 0 0.0974 262.5 114.44 -77.2 112.5 -76.96 120.2  -79.78 229.3
8 68.174 130.14 221.28 144 1.044 0 0.0974 300 114.36 -77.8 111.9 -77.38 120.2 -80.2 224.58
9 63.837 118.52  206.65 12 1.16 0 0.0974 300 114.56 -77.1 112.4 -76.77 120.5  -79.79 223.72
10 64.478 119.07 205.37 12 1.16 0 0.0974 3375 114.69 -77 112.3 -76.61 120.8 -79.81 218.51
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Supplemental Table S3, continued...

The top ten sets for model “ICaL+IKr+INCX+Ca2+clock+lf”

#

1
2
3
4
5
6
7
8
9

10

AchBPM
66.09
61.412
62.312
68.894
54.815
65.03
55.507
55.962
53.662
56.288

basBPM
124.57
111.44
114.42
124.92
97.253
118.12
98.401
99.182
95.39
99.709

IsoBPM
194.3
174.62
176.83
192.99
152.25
180.61
153.98
154.64
147.84
154.86

Pup
14.4
9.6
9.6
14.4
7.2
14.4
7.2
7.2
7.2
7.2

gCalL
0.348
0.696
0.812
0.348
0.464
0.232
0.464
0.464
0.464
0.464

glf
0.03

0.03
0.03
0.03
0.03
0.06
0.03
0.03
0.03
0.03

gKr

0.0487
0.0811
0.0974
0.0487
0.0487
0.0325
0.0487
0.0487
0.0487
0.0487

kNCX
337.5
187.5
300
375
187.5
150
225
262.5
150
300

basAmpl
93.753
106.69
110.29
93.953
93.815
77.235
93.666
93.582
94.095
93.532

basMDP
-70.5
-75.4
-76.5
-70.5
-67.8
-63.4
-67.4
-67.2
-68.2
-67

AchAmpl
82.56
102.3
105.8
83.21
87.84
63.39
87.37

87
88.46
86.7

The top ten sets for model “I e HeHInex+Ca? clock+1;” adjusted for Inak (INak,max=0.9 pA/pF)

#

O 00 N O U1 A W N BB

=
o

AchBPM
54.865
50.418
55.876
52.592
62.689
55.957
52.129
67.446
57.751
65.938

basBPM
112.09
104.48
112.25
106.54
118.52
122.49
99.892
124.12
120.26
126.37

IsoBPM
186.51
167.48
185.53
165.75

196.5
172.19
158.1
203.22
171.97
195.95

Pup
9.6
9.6
9.6
9.6

12

21.6

7.2
12
12
12

gCalL
1.16
1.044
1.16
1.044
1.16
0.696
0.812
1.16
0.928
0.58

glf
0.03

0.03
0.03
0.03
0.03
0.06
0.06
0.03
0.03
0.09

gKr

0.0487
0.0325
0.0487
0.0325
0.0487
0.0325
0.0325
0.0487
0.0325
0.0325

kNCX
3375
150
375
187.5
150
112.5
150
187.5
375
225

basAmpl
108.04
99.811
108.18
99.316
108.11
98.149
96.967
107.97
99.454
95.029

510

basMDP
-71
-65
-70.9
-64.2
-72.5
-69.4
-64.9
-72.1
-64.1
-66.8

AchAmpl
105.9
101.4
105.8
100.9
107.6
98.31
95.88
107.3
100.3
90.82

AchMDP
-68.39
-74.74
-75.97
-68.38
-66.76
-61.16
-66.33

-66
-67.34
-65.74

AchMDP
-71.24
-68.13
-71.09
-67.55

-73.5
-72.46
-66.43
-72.99
-67.97
-67.68

IsoAmpl
108.3
115.8
118.6
108.8
107.5

94.3
107.7
108
107.4
108.3

IsoAmpl
115.1
104.3
115.4
103.8
113.2
104.1
105.3
113.1
103.6

104

IsoMDP
-76.67
-79.3
-80.02
-76.69
-74.33
-70.51
-74.17
-74.07
-74.59
-73.98

IsoMDP
-74.35
-65.64

-74.4
-64.88
-74
-69.88
-68.35
-73.76
-63.85
-69.53

rel.flex%
193.99
184.34
183.78
180.13
177.75
177.73
177.41
176.33
175.5
175.12

rel.flex%
239.94
232.18
232.04
215.16
213.45
207.72
203.29
201.31
197.78
197.17
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MODEL EQUATIONS

All model equations were taken from our previously published version of a “Basal State” model
of rabbit SANC [4]. Many ion current formulations were excluded as described in the main text
and summarized in the Table 1. We tested behavior of substantial number of model sets with
their specific ion current densities and the SR Ca”" pumping rate given in supplemental Table S2
(3" column). The specific changes of the model parameters in our simulations of either B-AR
stimulation or ChR stimulation are summarized in Table S2 (4th column) and also given below
within the model equations. The specific values of model parameter sets that reproduced human
heart rate variability are given in supplemental Excel files (one file for each model type).
Specific parameter values of “the top 10” model sets are given in Table S3.

PARAMETERS

Fixed ion concentrations, mM

Ca,= 2: Extracellular Ca’" concentration.
K, = 5.4: Extracellular K concentration.
K:=140: Intracellular K" concentration.
Na,= 140: Extracellular Na" concentration.
Na;=10: Intracellular Na" concentration.
Mg;=2.5: Intracellular Mg*" concentration.

Cell compartments

Cmn =32 pF: Cell electric capacitance.

Leenn = 70 um: Cell length.

Reen =4 pum: Cell radius.

Lgp = 0.02 um: Distance between jSR and surface membrane (submembrane space).
Veell = T Reel” Leent = 3.5185838 pL: Cell volume.

Ve = 270 Lsup* (Reel1 - Lsub/2)" Leenn = 0.035097874 pL: Submembrane space volume.
Visr part = 0.0012: Part of cell volume occupied by junctional SR.

Visr = Visr part' Veent: Volume of junctional SR (Ca2+ release store).

Vi part = 0.46: Part of cell volume occupied with myoplasm.

Vi= Vi part' Veet-Vsu: Myoplasmic volume.

Vasr part = 0.0116: Part of cell volume occupied by network SR.

Vask = Vasr part” Veet: Volume of network SR (Ca2+ uptake store).

The Nernst equation and electric potentials, mV

Ex = (RT/F) - In([X]o/[X];) = Et - In([X]o/[X]i), where

F =96485 C/M is Faraday constant,

T =310.15 K° is absolute temperature for 37°C,

R =8.3144 J/(M-K") is the universal gas constant,

Etis “RT/F” factor = 26.72655 mV,

and [X], and [X]; are concentrations of an ion “X” out and inside cell, respectively.
Exa= Er - In(Nay/Na;): Equilibrium potential for Na'.
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Ex= Et - In(K,/K;): Equilibrium potential for K"
Eca = 45: Apparent reversal potential of /¢,y .

Sarcolemmal ion current types and their parameter values
Note: See Table S2 for different specific values of the following parameters that were tested in

the present StUdy: gCal basal &If> V‘/z,lf,basal, EZKr,basals kNCX7 Pup,basala &K Achs and gcart-

Ica:  L-type Ca®" current.
Steady-state activation parameters: Vy, 4=-13.5 mV; K4=6 mV.
Steady-state inactivation parameters: Vi, ¢=-35 mV; K¢=7.3 mV.
Kinica= 0.00035 mM: Dissociation constant of Ca®’ -dependent /¢, inactivation.
Prca= 60 mM™ - ms™: Ca®" association rate constant for Icar.
aica = 0.021 ms™ : Ca?" dissociation rate constant for ITcar
bcar,max = 0.31: maximum ACh-induced inhibition of /c,r.

Iy Hyperpolarization-activated current.
Vieinbasal: half activation voltage for /¢ current in the basal state.
Smax = -7.2 mV: maximum ACh-induced shift of /¢ half activation voltage.
n=0.69 and Ky s,=12.6 nM: Michaelis-Menton parameters for ACh modulation of /z.

Ix::  Delayed rectifier K* current rapid component.

Inex: Na'/Ca*" exchanger (NCX) current.
Kini= 395.3: intracellular Na* binding to first site on NCX.
Koni= 2.289: intracellular Na* binding to second site on NCX.
Kini= 26.44: intracellular Na* binding to third site on NCX.
Kino= 1628: extracellular Na* binding to first site on NCX.
Kono= 561.4: extracellular Na" binding to second site on NCX.
Kino= 4.663: extracellular Na* binding to third site on NCX.
K.i=0.0207: intracellular Ca®" binding to NCX transporter.
K.,=3.663: extracellular Ca*’ binding to NCX transporter.
Keni = 26.44: intracellular Na" and Ca*" simultaneous binding to NCX.
QO.i:= 0.1369: intracellular Ca" occlusion reaction of NCX.
0.,=0: extracellular Ca®" occlusion reaction of NCX.
0.=0.4315: Na' occlusion reactions of NCX.

Ixach: Acetylcholine-activated K" current; Ixach =0, when [ACh]=0.

Icar: T-type Ca’' current.

Inac: Na'/K* pump current. /nakmax=0 in all models, except model #8b (main text Table 1), in
which INakmax= 0.9 pA/pF.

Kinkp= 1.4 mM: Half-maximal K, for Inak.
Kinnap = 14 mM: Half-maximal Na; for Inak.
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26 geee
Ca™" diffusion

Taitca = 0.04 ms: Time constant of Ca®* diffusion from the submembrane to myoplasm.
7 = 40 ms: Time constant for Ca®” transfer from the network to junctional SR.

SR Ca®* ATPase function

Ky, = 0.6 10" mM: Half-maximal Ca; for Ca*" uptake in the network SR.

Pyppasat = 0.0144 mM/ms: Rate constant for Ca®’ uptake by the Ca pump in the network SR
(Please note that while we performed j,, computations in mM/ms, our results of parametric
sensitivity analysis in main text and Tables are presented in mM/s).

RyR function
koca =10 MM ms™; kom=0.06 ms™; kica=0.5 mM ™"+ ms™ ; ki=0.005 ms™; ECso sp = 0.45
mM; k, = 250-10° ms™'; MaxSR =15; MinSR =1; HSR = 2.5;

Ca’" and Mg buffering

koen=0.542 ms™: Ca’" dissociation constant for calmodulin.

kvcg=0.445 ms™': Ca’" dissociation constant for calsequestrin.

kyrc=0.446 ms™': Ca®" dissociation constant for the troponin-Ca2+ site.
kyt™mc=0.00751 ms™': Ca" dissociation constant for the troponin-Mg2+ site.
korvv=0.751 ms™': Mg2+ dissociation constant for the troponin-Mg2+ site.
keen=227.7 mM™- ms™: Ca®" association constant for calmodulin.
krcq=0.534 mM™- ms™: Ca®" association constant for calsequestrin.
krrc=88.8 mM/ms: Ca’" association constant for troponin.

kerme=227.7 mM/ms: Ca®" association constant for the troponin-Mg®" site.
kervv=2.277 mM/ms: Mg2+ association constant for the troponin-Mg2+ site.
TC,=0.031 mM: Total concentration of the troponin—Ca2+ site.
TMC=0.062 mM: Total concentration of the ‘[roponin-Mg2+ site.
COwo=10 mM: Total calsequestrin concentration.

CM;,=0.045 mM: Total calmodulin concentration.

FORMULATIONS: ELECTROPHYSIOLOGY

Membrane potential, V', (variable y;s, see Table S1 for all variables and their initial values)

dVyldt = - (IcaL + Iy + Ixe + Incx + Icat + Ikach™ INak)/Cm

Gating variables (y;5- y25)_and their differential equations

dyi/dt = (yi,oo - y)/ry,
()71' = dL) fL7 fCa; paF; paS, pi’ ,V; a)

7,;: Time constant for a gating variable y;.
a,; and f,;: Opening and closing rates for channel gating.
Vi Steady-state curve for a gating variable y;.
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Ion currents

L-type Ca®" current (Icap), based on formulations of Kurata et al. [11] that include Ca**
dependent /¢, inactivation. The fractional block (bcar) of Ica. by ChR stimulation was adopted
from [6] (see Methods for details).

Icat=CingcaL *(Vi- EcaL) dvL fL fca

drw=1/{1+ exp[-(Vi- Vina) Kal}

fL,wZI/{Hexp[(Vm - I/l/z,f)/ K; ]}

ota, = -0.02839-(V,,,+ 35)/ {exp[-(V1+35)/2.5] - 1} -0.0849 - V,,, / [exp(-V,/4.8)- 1]
Lai=0.01143 - (V,, - 5)/ {exp[(Vin- 5)/2.5] -1}
L =1/(caL + Bar)
i =0.5%257.1 - exp{-[(Vt 32.5)/13.9]* }+ 44.3
fCa,oo =Kmfca / (Kmea + Casub)

TfCa :f Ca,0 / QfCa

gcal = ZcCalL,basal * (1 - bCaL)
in simulations of the effect of ChR stimulation
bcar = bear,max - [ACh)/( Koy.5.car + [ACh]) = 0.163 (for 100 nM [ACh])
or
gcal = gcaLbasal © 1.75 in simulations of the effect of B-AR stimulation by 1 uM ISO[7]

Rapidly activating delayed rectifier K’ current (Ik.), based on formulations suggested by
Zhang et al. [12] and modified by Kurata et al. [11].

Ixe= Cm'gKr (Vm - EK)(06 Par t 0.4- paS) * Di
Do =1/ {1 + exp[-(Vyt23.2)/10.6]}
Piw=1/ {1 +exp[(V,, +28.6)/17.1]}
Toar = 0.84655354/[0.0372 - exp(V/15.9) + 0.00096 - exp(-Vin /22.5)]
Tras = 0. 84655354/[0 0042 - exp(Vn /17.0) + 0.00015 - exp(-Vn /21.6)]
— 1/[0.1 - exp(-V,/54.645) + 0.656 - exp(V,u/106.157)]

ZKr =€Krbasal 10 the basal
and in simulations of the effect of ChR stimulation
or
gkr =1.5 - gkrpasal 10 simulations of the effect of f-AR stimulation by 1 uM ISO [10]

Hyperpolarization-activated, “funny” current (Zy), based on formulations of Wilders at al.
[13] and Kurata et al.[11].
Ir= Inat Ik
=1/{1 +exp[(Vn- Vi£12) /13.5]}
=0. 7166529/{exp -(Vwt 386.9)/45.302] + exp[(V - 73.08)/19.2317}
Ina = Cin'0.3833 ~gip (Vi - ENa)y
IfK C ‘0.6167 - 8if (Vm EK)y
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The shift s (in mV) of the /r activation curve by ChR stimulation was adopted from [6].
Viein = Vigi2basal T 8
in simulations of the effect of ChR stimulation by ACh, where
s=s,. [ACh]" /(Kgg,f +[ACh]" )=- 5.8 mV (for 100 nM [ACh])

or
Viein = Vigiasa + 7.8 mV in simulations of the effect of B-AR stimulation by 1 uM ISO[9]

Na*-Ca®" exchanger current (Incx), based on original formulations from Dokos et al. [14].

Inex = Cmtknex (ka1 - x2 - ki - x1) / (X1 + x2 + x3 + X4)
do =1H(Cao/Keo) {1+exp(Qco Vi ET) } H(Nao/Kino) { 1 H(Nao/ Kono ) (1+Nao/K3no) }
ka3 = Nai/(K3ni +Na;)
ka1 = exp[-On V/(2ET)]
k3a= Nao/(K3notNa,)
ko1 = (Cao/Ko) exp(Qeo Vil ET) /d,
ka3 = (Nao/K o) (Nao/Kano) (1+Nao/Kino ) €xp[-On V! (2ET)]/d,
k3= exp[QOn' Vi/(2ET)]
X1 = k3a - kay (ko + k1) + kot - k3o (ks + kar)
d; = 1+(Cagw/K.i) {1+exp(-Qci' Vm/ET)JrNai/Kcni}+(Nai/K1ni)~ {1+(Nai/K2ni) (1+Nai/ K1) }
k12 :(Casub/Kci)'eXp(‘Qci' Vm/ET)/dl
k14= (Nai/Klni)-(Nai/sz)-(l +Nai/K3ni)- GXp[Qn' V,,,/(2ET)]/a’i
X2 = ka3 k3p (kg + ko) + kar kio ksa + k3)
X3 = ka3 kg (ko3 + k21) + ki “koz-(kaz + kar)
X4 = k3g ko3 (ks + ki) + ka1 “kia(ksat k3p)

Acetylcholine-activated K* current (Ixach), adopted from [15] (Note Txacn= 0 when [ACh]=0)

Ixach = a - geach (Vm - Ex)
beta=0.001 - 12.32/(1+0.0042/[ACh]) (per ms)
alfa=0.001 - 17-exp(0.0133-(V,,+40)) (per ms)

a. = beta / (alfa + beta)

7, = 1/(alfa + beta) (in ms)

T-type Ca®* current (Ic,1), based on formulations suggested by Demir et al., [16] and modified
by Kurata et al. [11].
ICaT = Cm'gCaT (Vm' ECaT)'dT:f:f
droo=1/ {1+ exp[-(V, +26.3)/6.0]}
Jrwo = 1{1+ exp[(V,+ 61.7)/5.6]}
rqr= 1/{1.068-exp[(V,+ 26.3)/30] + 1.068-exp[-(V» + 26.3)/30]}
7rr=1/{0.0153-exp[- (V,, + 61.7)/83.3] + 0.015-exp[(V,,+ 61.7)/15.38]}

Na'-K" pump current (Ixqk)
Inak = Con “Inakmas {1+ (Konp/Ko) 23+ {14+(Kunnap/Nai)' 2} ™+ {1+exp[-(V- Enat120)/301}
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FORMULATIONS: Ca** CYCLING

Ca’" release flux (Jsrcare) from SR via RyRs, based on original formulations of Stern et al. [17]
and modified by Shannon et al. [18]
jSRCarel = ks'O'(CajSR = Casub)
kcasr = MaxSR- (MaxSR - MinSR)/ (1 + (ECso_sg/Cajsg)™")
kosrca = koca/kcasr
kisrca = kica'kcasr
dR/dt = (kim'R[ - kiSRCa 'Casub'R) - (kOSRCa'Casubz'R - kom'O)
dO/dt =(kosrca'Casus” R = kom O) - (kisrca Casup O = kim'])
dl/dt = (kiSRCa' Casub'O - kim'l) - (kom'l - koSRCa'Casub2 RI)
dRI/dt = (ko] - kosrcaCatsuy *RI) = (ki RI - kispca Casun'R)

Intracellular Ca* fluxes
Ca*" diffusion flux (fca_qair) from submembrane space to myoplasm:

Jea dit = (Casw - Cai)/tgifca

The rate of Ca’* uptake (pumping) (fup) by the SR, based on formulations of SR Ca”" pump
function suggested by Luo and Rudy [19]. The fractional block (b,p) of P, by ChR stimulation
was described similar to that of /¢, (see above), but by, max Was fitted to experimental curve of
phospholamban dephosphorylation [20] (Fig.4A in [4]).

Jup=Pup /(1 + Kyp/Cai)

Pup= Pyppasal - (1 - byp) in simulations of the effect of ChR stimulation by 100 nM of ACh, where
bup = bupmax - [ACh]/( Ky.54p + [ACh]) = 0.367 (for 100 nM [ACh])
or
Pup=2 - Pyppasal In simulations of the effect of B-AR stimulation by 1 uM ISO[4].

Ca®" flux between (network and junctional) SR compartments (j,):
Ju= (Cansr — Cajsr)/ Ty

Ca’" buffering
dfrc/dt = kere Cai (1 -frc) - kore - fre
dfTMc/df = krrve -Ca; '(1-fTMc -fTMM) - kyr™mc 'fTMc
dfrmw/dt = kervm “Mgi -(1-fime - frvm)- Korvm * fivm
dfemildt = kiem -Cai *(1- fomi) - koewm * fomi
dfems/dt = kiem -Casuy' (1 - foms) - kvem * foms
dfcq/dt = kicq *Cajsr(1- fcq) - kocq - feo

Dynamics of Ca’" concentrations in cell compartments
dCai/dt =(jca_dit *Veup - Jup' Vasr) Vi - (CMior dfemi/dt + TCor dfrc/dt + TM Cior dfmc/dt)
dCagu/dt = jsrcarel *Visr/Veub ~(LcaLtHcatHbca-2-Incx)/(2-F-Vaub)-(ica_dit T CMiot *dfcmy/dt)
dCajsr/dt = ji - jsrcarel - COrot * dfcq/dt
dCansr/dt = jup - jir Visr/Vasr
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